When the carbon amount is higher than the calculated one, molten iron which is separated from slag components should be obtained via the CS.
■ INTRODUCTION
Goethite (α-FeOOH) based ores become nanoporous when they were mildly calcined [1] [2] [3] [4] [5] [6] . Carbon infiltrated goethite ore has been produced via chemical vapor infiltration (CVI) method [7] [8] [9] [10] [11] [12] [13] [14] using nanoporous FeOOH ore and tar vapor from coal or biomass. Fig. 1 shows the schematic illustration of the CVI process. Reduction of the carbon infiltrated goethite ore occurs at comparatively low temperature because (1): the deposited carbon is reactive amorphous carbon and (2): close contact between the goethite ore and the deposited carbon is reachable through nanopores of calcined goethite ore [13] [14] . The dominant reduction reaction of the carbon infiltrated iron ore is direct reduction (FeOx + xC → Fe + xCO) because of the nanoordered close contact between ore and carbon [14] [15] . This reduction reaction is a large endothermic reaction, and the additional heat source is needed to complete the reaction. When carbon amount in the carbon infiltrated ore exceeds this value, combustion of the excess carbon can be utilized as a heat source for the reduction reactions. When the exothermic heat from the carbon combustion is dominant, the total reaction (carbon combustion + iron oxide reduction) can self-propagate to complete "combustion synthesis".
Combustion synthesis (CS) is a simple and fast method using strong exothermic heat to synthesize a target material. A variety of materials have been synthesized via the CS method [16] [17] [18] [19] . Fig. 2 illustrates the concept of CS. CS starts when one end of the raw materials is ignited and combustion wave selfpropagates from one end to the other. The CS reaction finishes automatically, resulting in the very fast process to get a target material. And the apparatus can be simple; only a part for ignition is needed.
We have already tried CS ironmaking using carbon-infiltrated goethite ore and the product was partially metalized after only 1 min. experiment in an oxygen atmosphere [20] . Some experiments have been tried, however, the appropriate conditions for the preparation of the carbon-infiltrated ore have not been studied yet. The purpose of this study is to construct the concept of new ironmaking method using CS and to investigate the possible conditions of the CS ironmaking. 
■ CALCULATION DETAILS
A thermodynamic software (HSC Chemistry 5) [21] was used for thermodynamic calculations, and the adiabatic flame temperatures were calculated by a numerical software (MATLAB). The adiabatic flame temperature (Tad) is a maximum reachable temperature under the assumption of the adiabatic system. Iron ore contains slag components such as Al2O3 and SiO2, and they should be separated from the product iron. When the temperature of the product iron is over its melting point (1811 K), the iron can be separated from the slag components by gravitational power. That is why the conditions that the adiabatic flame temperature of the CS reaction is over 1811 K were investigated.
Tad of a combustion synthesis reaction can be calculated by the following equation:
where ΔH is the standard enthalpy change of the reaction (J mol -1 ), Cp is the specific heat capacity of a product (J mol -1 K -1 ), and ΔHt is the enthalpy change of phase transformation (J mol -1 ). The Tad calculations in this study were taken place at every x and y. The following conditions and assumptions were used for the calculations. The starting materials were one molar FeOx (x = 1-1.5), y molar carbon (y > 1), and oxygen. Calculations were taken place at the step size of 0.01 from 0 until 1.5 for x and at the step size of 0.02 from 1 until 4 for y. The starting iron oxides were only monophase or biphase; Fe/FeO at 0 < x < 1, Fe3O4/FeO at 1 < x < 1.33, and Fe3O4/Fe2O3 at 1.33 < x < 1.5. All the iron oxides were perfectly reduced to metallic iron and all the starting carbon was completely consumed during the reaction. The possible reactions for the combustion synthesis ironmaking were determined based on the results of thermodynamic calculations. The standard enthalpy changes of the reactions used in the calculations were as follows: 
The enthalpy of melting of metallic iron was 13.815 (kJ mol -1 ). The specific heat, Cp, of a material is expressed as the following function of temperature T: 
The following Table 1 (a-c) shows the thermodynamic data (a, b, c, and d values) for the specific heat of the products (Fe, CO, and CO2) [22] [23] [24] [25] [26] [27] [28] [29] .
■ RESULTS AND DISCUSSION

Thermodynamic Calculations
To determine what reaction is dominant in the CS ironmaking, we conducted thermodynamic calculations by Gibbs energy minimization method, which is general approach for chemical equilibrium model, before Tad calculations [30] . Fig. 3 shows the most stable chemical compositions at each temperature for the following cases; (A): carbon combustion reactions and (B): carbon reduction of Fe2O3. The thermodynamic calculations took place from 773 K to 2273 K at every 10 K. The considered starting materials for (A) were one molar C and one molar O2, and for (B) were one molar Fe2O3 and three molar C. CO2 production was much higher than CO production in the carbon combustion reactions. Carbon combustion reactions were mainly divided into complete combustion (C + O2 → CO2) and incomplete combustion (2C + O2 → 2CO). The result of the thermodynamic calculations implied the complete combustion reaction was dominant in the carbon combustion reactions.
Fe and CO were dominant in the carbon reduction of Fe2O3 at temperatures higher than 1800 K. Carbon reduction of Fe2O3 are categorized into two reactions; direct reduction (Fe2O3 + 3C → 2Fe + 3CO) and indirect reaction (Fe2O3 + 3CO → 2Fe + 3CO2) [15] . The indirect reaction occurs by CO which is generated from the direct reduction or Boudouard reaction (C + CO2 → 2CO). The result of the thermodynamic calculation implied the direct reduction reaction was dominant in the carbon reduction of iron oxides.
Fig 3. Chemical equilibrium calculations for (a) carbon combustion reactions and (b) carbon reduction reactions of Fe2O3
Adiabatic Flame Temperature Calculations of the Combustion Synthesis Ironmaking Fig. 4 illustrates the proposed combustion synthesis ironmaking using the carbon-infiltrated goethite ore. The carbon-infiltrated goethite ore is covered by a thick carbon layer, and nano-ordered close contact between iron oxide and carbon occurs inside the ore [20] . When the carbon-infiltrated goethite ore is heated up in an oxygen atmosphere, combustion of the carbon layer occurs in the beginning. After that the exothermic heat from the combustion reaction transfers inside the ore where reduction of the ore is promoted.
In the last section, thermodynamic calculations revealed that the complete combustion reaction (C + O2 → CO2) and the direct reduction reaction (Fe2O3 + 3C → 2Fe + 3CO) were dominant at high temperatures. That was why we conducted Tad calculations in this section under the assumption that the other reactions were negligible. The CS reactions consisted of combustion of carbon and reduction of iron oxides. In the reduction reaction, one molar iron oxide (FeOx) was reduced by x molar carbon; 
where, ΔHCS and ΔHt means standard enthalpy changes of the total CS reaction (eq. (9)) and the melting reaction (eq. (10)), respectively. The adiabatic flame temperature can be calculated for the eq. (9) The eq. (11) was numerically solved according to the trapezoidal rule combined with trial and error to find Tad. Fig. 5 shows a three-dimensional image of the calculated adiabatic temperatures at every x and y value. Lower x and higher y values made the adiabatic temperatures higher. That was because the fractions of reduction reaction (endothermic) and carbon combustion reaction (exothermic) got higher at lower x and higher y values. A gap was seen at the adiabatic temperature of 1811 K; the melting point of metallic iron.
The required carbon amounts in the carbon infiltrated iron ore to synthesize molten iron via CS are shown in Fig. 6 . The required carbon amount was the highest (29.3 wt.%) when Fe2O3 (x = 1.5) was the starting iron oxide. The partial reduction of the starting iron oxide reduced the required carbon amount; 27.9 and 23.9 wt.% of carbon was required for Fe3O4 and FeO. The reduction of iron oxides was a strong endothermic reaction that was why much more heat thermal compensation was needed for Fe2O3. Overall, 23.9-29.3 wt.% of carbon was required in the carbon-infiltrated iron oxides to obtain molten metallic iron via CS. Carbon contents of the carboninfiltrated goethite ore which was prepared by the CVI process have reached a maximum of 5 wt.% [11] [12] , however, the maximal value is far from the required one calculated in this study. In the CVI process, tar vapor diffuse in the nanopores of the goethite ore, then, carbon deposition occurs at the wall of the nanopores. When the operation temperature is too high, the deposition reaction should be much faster than the diffusion, resulting in carbon deposition only at the surface of the ore [13] . When the temperature low, the deposition reaction should be very slow and it takes quite long time to get high amount of carbon [13] . That is the reason that optimization of the condition is important for the CVI process to obtain carbon-infiltrated goethite ore with high carbon contents. Tar-impregnation method, on the other hand, can easily control the amount of deposited carbon [20, 31] . 23.9-29.3 wt.% of deposited carbon should be easily reached using this method.
■ CONCLUSION
In this study, calculations of adiabatic flame temperatures (Tad) for combustion synthesis (CS) ironmaking were conducted. The carbon contents and the starting iron oxides in the carbon-infiltrated ore were selected as parameters. They were variously changed and the Tad was calculated at every point.
The considered reactions for the Tad calculations were perfect carbon combustion (C + O2 → CO2) and direct reduction (FeOx + C → Fe + CO) reactions; they were the dominant reactions in chemical equilibrium conditions.
As well as reduction of iron oxides, separation of metallic iron from slag components is also needed to obtain pure iron. The required carbon amounts in carbon-infiltrated iron oxides were calculated at the condition of Tad higher than 1811 K; the melting point of metallic iron. The strong exothermic, carbon combustion reaction compensated the exothermic heat of reduction and melting reactions and the sensible heat of the products. Pre-reduction of iron oxide reduce the required carbon amount. The minimum carbon requirement for iron oxide was 23.9-29.3 wt.%. The results provide a guide for preparation of raw material for the proposed CS ironmaking. 
